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I.  Abstract
As mangrove forests are destroyed by human factors across the earth, many crucial

ecological processes that take place in these systems of trees are obstructed. One of the most
important roles played by mangroves is their ability to sequester carbon in the sediment, as this
storage of carbon helps diminish atmospheric warming. Many sediment microorganisms help in
this process of carbon sequestration and play various other vital roles in mangrove ecosystems.
Microorganisms in marine sediments can be used to assess the health of the surrounding
environment. Past research has found significant differences in sediment microorganism
composition, abundance, and diversity in relation to varying levels of human pollution. This
research aimed to observe the differences in microorganism makeup in Laguncularia racemosa
sediment in Bocas del Toro, Panama, between sites of perceived low, medium, and high
anthropogenic influence. The data collected was not statistically significant due to the limited
scope and lack of controlled environment, but revealed a difference in bacterial abundance,
microorganism percent composition, diversity, and evenness between the three sites of perceived
low, medium, and high anthropogenic impact. There was also a difference in average biomass of
bacteria and protozoa observed between the three sites. These results differ from past literature
on the topic of specific increases or decreases of these factors, but align with research asserting
an observed difference in marine sediment microorganism composition and abundance between
sites of varying levels of anthropogenic impact. Future studies may quantify and isolate
relationships between sediment microorganisms and environmental pollution levels.
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III. Introduction

Mangrove Ecology

Mangrove ecosystems are defined by highly adapted trees growing in intertidal
environments (Feller et al. 2010). Of their features, the tree's salinity tolerance is perhaps most
notable. Depending on the species, mangroves can tolerate salinities ranging from fresh water to
hypersaline environments exceeding 100 parts per thousand (Romanach et al. 2018). This special
adaptation allows the trees to live in coastal environments where many plants would not survive,
creating a unique ecosystem connecting the ocean and the land that hosts a huge variety of
organisms. Furthermore, mangrove forests play a crucial role in protecting coastlines from
storms and naturally occurring erosion (Lovelock et al. 2005).

Mangroves Globally

Mangrove forests are found throughout the Americas, Asia, Africa, and Oceania (Alongi
2002). This distribution spans 118 countries (Schmid & Tomlinson 1987). Globally, mangroves
are found along 25% of all coastlines, and along 75% of tropical coastlines. According to a 2018
study, this makes up 8,349,500 ha of earth's surface (Romafach et al). There are around 54
species of mangroves globally (Alongi 2002).

In some parts of the world, more than 50% of mangrove habitats have been lost
(Romanach et al. 2018). A 2001 study asserted that just between the 1980s and 1990s, more than
35% of the earth’s mangroves were destroyed (Valiela et al. 2001). The losses of these important
coastal ecosystems can be primarily attributed to anthropogenic impacts. It has been estimated
that between 2000 and 2016, up to 62% of mangrove forest destruction worldwide was due to
land use change, often for agricultural purposes (Goldberg et al. 2020). An emphasis on
conservation has slowed these losses in recent years, but the historical destruction has
monumentally impacted mangrove populations across the globe (Goldberg et al. 2020).

Blue Carbon

While mangrove forests only make up ~2% of marine environments, they account for
anywhere between 10 and 15 percent of blue carbon burial (Sasmito et al. 2020). Blue Carbon is
a term used to refer to atmospheric carbon captured and stored by marine environments,
including both ocean and coastal habitats (Macreadie et al. 2019). Blue carbon storage helps
combat rising levels of atmospheric carbon that contribute to warming earth temperature. Of
marine ecosystems, mangroves, sea grasses, and salt marshes sequester carbon at the fastest rate.
(Sasmito et al. 2020). Over recent years, studies have highlighted the role that these high levels
of blue carbon sequestration play in combating global climate change (Jennerjahn 2021).

Mangrove Carbon Sink

Of the biogeochemical processes that occur in these habitats, many consider mangrove’s
carbon sequestration abilities of extremely high importance (Alongi 2012). As global climate
change progresses and levels of atmospheric greenhouse gasses increase, mangroves, and
wetlands in general, act as the largest terrestrial biological component in stably storing blue
carbon in above and below ground biomass (Allard et al. 2020, Chmura et al. 2003).

While rates and amounts of carbon storage can be highly variable even within a single
mangrove system, mangroves can store up to 10 times more carbon per hectare than terrestrial
forests (Alongi 2012). This process of carbon sequestration happens as mangrove trees use




carbon from atmospheric carbon dioxide for life sustaining cellular processes. When leaves and
branches fall from the trees and are buried in the soil, the carbon stored in these structures is
transferred into the mangrove sediment (Sasmito et al. 2020).

In a mangrove biome, an estimated average of 937 tC ha™' of carbon is stored in sediment
and roots (Alongi 2012). A large part of carbon sequestration in mangrove soil is dependent on
microbial interactions such as high primary production and low rates of decomposition of soil
organic matter (Kim et al. 2021). While sedimentary microbial processes are vital to blue carbon
sequestration, a large amount of research has not been conducted on them in comparison to those
in many other ecosystems.

Mangrove Sediment Microbial Makeup and Microorganism Roles
Containing as much biomass as seawater across the globe, marine sediment in general

covers around 70% of the earth's surface (Hoshino et al. 2020). Recent characterization studies of
mangrove sediments have noted high species richness and Shannon diversity in bacteria,
followed by lower levels in archaea, and the lowest in fungi (Cheung et al. 2018). In respect to
bacteria, mangrove fungal communities have had very few studies published concerning their
diversity or activity (Ghizelini et al. 2012).

In general, bacteria comprise most of the biomass in all types of sediments (Nealson
1997). The kingdom’s species richness in marine sediments is high, comparable to the richness in
topsoil and the richness in seawater (Hoshino et al. 2020). Bacteria play countless roles in
sediment, but most notably act as “chemists” and make up the majority of chemical activity
across sediments of all varieties (Nealson 1997). Bacterial activity creates electron donor and
electron acceptor profiles typically seen in sediment, forming vertical nutrient outlines (Nealson
1997). Bacteria support not just soil health, but act as pillars for the entirety of the mangrove
forest and the various ecosystems it connects to. Through numerous chemical processes, bacteria
are understood to release nutrients into the water surrounding mangrove systems and therefore
establish the base of the local marine food chain (Haldar & Nazareth 2018).

Fungi found in sediment play important roles in maintaining ecosystem balance. The
most critical functions include nutrient cycling and food web support (Amend et al. 2019). Of the
millions of species of fungi found on the planet, only a relatively small portion are found in
marine ecosystems such as mangrove sediment (Amend et al. 2019). In terms of species richness,
little data has been collected, but it has been found that mangrove fungal communities are
differentiated by spatial and host structural factors (Lee et al. 2019). It has been hypothesized
that fungi play a role in the chemistry of marine sediments, along with being a part of carbon
sequestration. They can also often be associated with macroorganisms in marine environments,
acting as commensals or pathogens (Amend et al. 2019).

Protozoa in sediment are often associated with nutrient recycling of detritus and other
mineral nutrients (Pratt & Cairns 1985). A study focusing on a mangrove forest in India found
evidence of nanoflagellates, microciliates, macrociliates, and nematodes connected to leaf litter
degradation processes (Padma et al. 2003). While a large amount of data has not been published
on the richness of marine sediment associated protozoa, a 1998 study found between 597 and
793 species in this category (Finlay 1998).

Mangr iment Diversity in Terms of Environmental Factor
There have been distinct differences in mangrove sediment microorganism community
makeup observed in respect to many unique environmental factors. Within one community, it has



been revealed that fungal and bacterial diversity can fluctuate along soil-root interfaces (Zhuang
et al. 2020). Beyond this observation of a smaller scale, other studies have highlighted the clear
cause and effect of cycling environmental factors such as wet and dry seasons, ocean
temperatures, or naturally occurring soil moisture content on changes in sediment organism
diversity ( Cheung et al. 2018, Treves et al. 2012). Abundance, richness, and diversity of benthic
protozoa were all found to differ between wet and dry seasons of a specific mangrove forest
(Chen et al. 2018). These patterns of spatial- and temporal-defined changes in microbial
communities hold consistent for most types of forest sediment, with differences in soil
microorganisms observed having correlation to naturally occurring processes and niches.

It has been revealed that in marine sediments, oxygen presence or absence and organic
carbon concentration are some of the most important factors influencing microbial composition
(Hoshino et al. 2020). In relation to these chemically measured factors, a boreal forest soil study
demonstrated bacterial variability relating to pH and soil moisture (Dimitriu et al. 2010). As
many bacteria are highly specialized for environments of varying salinity, pH, oxygen content,
etc., it follows accepted scientific thought for changes in the biochemical makeup of the soil to
result in differing microorganism inhabitants.

Not only does the chemical profile of the sediment influence the microorganism
inhabitants, but a correlation has been found between host community structure and forest
sediment microbial composition. In the Caribbean region, Troxler et al. (2012) found that
bacterial community structure in soil can be clearly associated with the natural canopy
community structure in tropical peatland. During mangrove succession, it has been found that
protozoan community makeup and abundance change significantly (Chen et al. 2018). In a single
community of trees, sediment microbial communities can differ based on naturally occuring
chemical, physical and temporal factors.

Mangrove Sediment Diversity in Terms of Human Impact
With threatening levels of pollution and climate change, researchers have begun to

examine the relationships between human induced detrimental effects and microorganism
composition in mangrove ecosystems. In broad biogeochemical terms, the increasingly anaerobic
soil conditions found in some mangrove soils due to pollution can turn usually environmentally
beneficial microbial carbon processes into damaging greenhouse gas emitters, although the effect
is historically understood to be the opposite (Shiau & Chiu 2020).

Regarding microbial variability, changes in soil composition, water salinity, and other
human-induced environmental stressors have been observed to shift the microbial makeup in
mangrove peat soil (Chambers et al. 2016). Specific studies on oil contamination in mangrove
forests have revealed significant changes in microbial community makeup before and after the
contamination event, demonstrating specifically the existence of an effect of nitrate stimulation
on microbe population composition (Wang et al. 2016, dos Santos et al. 2011). Pesticide
contamination and waste water introduction have also been found to induce multidirectional
changes in sediment microbial community composition (Widenfalk et al. 2008, Saarenheimo et
al. 2017).

Pollution in general has been found to significantly affect marine sediment
microorganism composition. In looking at anthropogenic effects on sediment fungi populations,
more polluted sites have been identified to have higher species richness than areas of better
natural preservation (Ghizelini et al. 2019). Total bacterial and protozoa counts have been found
to be significantly higher in non-polluted sediments (Tso & Taghon 1997). When considering



microplastics, one of the largest sources of pollution in the ocean that often contaminates
mangrove forests, there are clear effects on mangrove sediment microbial diversity and richness
(Chen et al. 2022).

Sediment Microorganism Composition and Environmental Health
Microorganisms in marine sediment can provide researchers with valuable information

about the health of the environment. In general, microbial toxicity tests are a highly regarded tool
used as indicators of soil or sediment pollution (van Beelen & Doelman 1997). Studies have used
bacterial diversity as an indicator of sediment pollution levels to determine the surrounding
environmental health (Ford et al. 2005). Protozoa have additionally been utilized to appraise
sediment quality in mangrove ecosystems (Chen et al. 2008). In recent years, microorganisms
have become a promising source of surveying and monitoring ecosystem health specifically in
wetlands because of the ability of a microbial community to change rapidly and significantly in
response to relatively small physical or chemical factors (Sims et al. 2013).

Mangroves Locally
Mangrove forests are one of the most important ecosystems for environmental

conservation both worldwide, and more specifically, in the Caribbean (Harborne et al. 2006). In
the Caribbean region, mangrove forests inhabit around 9800 km? of the coastal zone (Lovelock et
al. 2005). In Bocas del Toro specifically, most of the mangrove forest system consists of shrub or
dwarf trees with the dominant species being Rhizophora mangle, commonly known as red
mangroves (Guzman et al. 2005). These mangroves interact with a network of coral reefs and
seagrass throughout the coastal area of the region (Guzman et al. 2005). In Bocas del Toro,
mangroves are facing similar threats as they do across the globe. A 2008 study determined that
mangrove clearing for anthropogenic reasons in the Panamanian Caribbean induced multiple
abiotic and biotic factors throughout the associated ecosystems in the region (Granek &
Ruttenberg 2008). There have been no studies concerning mangrove sediment microorganism
composition in or near the area of study.

Site of Study
Bocas del Toro is a province in northwest Panama bordered by the Caribbean sea on its

northern coast. This region of the world is considered neo-tropical, with an estimated 68% of the
province covered in rainforest (Guzman et al. 2005) The region of Bocas, especially the islands
of Isla Colon and Bastimentos, receives high levels of international tourism throughout the year
(Kayes 2005). Bocas del Drago, the site of study for this research, is a strip of coast along the
northern side of Isla Colon, about 15 km from the town of Bocas del Toro. The area of study
includes three sites along the coast near Bocas del Drago, ranging from a highly visited tourist
beach to a rarely visited strip of forest.

IV.  Research Question

Does sediment microorganism composition from fringe populations of Laguncularia
racemosa differ in relation to areas of perceived low, medium, and high levels of anthropogenic
impact in Bocas del Drago, Bocas del Toro, Panama?



V.  Methods

Sediment samples were collected from 3 sites of fringe Laguncularia racemosa
populations along a strip of coast in Bocas Del Drago, Bocas Del Toro, Panama. The 3 sites were
of varying levels of human interference/pollution. The site designated for high human
interference was on Playa Estrella, a popular tourist destination with many restaurants and boats
on the shore. The mangrove area was observed to be polluted by human trash such as plastic
bottles, styrofoam, and cans, with many human walking paths running through the trees. The site
of medium human interference was close to Bocas Del Drago, where there are more occasional
boats and the buildings are set further from the mangroves, but there are still people traversing
through the area. This area contained trash, but more sparsely distributed, and had a human
walking path running next to the forest but not through it. The site of low human interference
was between Bocas Del Drago and Playa Estrella, an area of the mangrove fringe where human
activity is rare. There was rarely trash observed, and was no path close to the forest.

For each of the three sites, 9 core samples total were collected. Three general areas were
identified in each sample site along the fringe- beginning, middle, and end, running from start to
finish of the designated area (with about 10 m between those sites). Standing in each general
area, a core of 10 cm in diameter was randomly tossed (Protocol: Seagrass Core Biomass 2020).
The random toss was repeated three times in each area (beginning, middle, end) of the study
segment. When the core landed and the specific sample site was identified, the core sampling
began. The core was worked down 5-10 cm into the sediment, and then slowly tilted in the
typical manner of core sampling. The bottom of the core was covered by hand as the core was
pulled up in order to contain the sediment, and the sediment was collected in a ziplock bag.

Once brought back to the data collection area, the sample was thoroughly homogenized
in its ziplock bag by vigorously shaking and spinning it by hand. The sample was then placed in
a pre-weighed aluminum tray and the weight of the wet sample was recorded. A 5 g section from
each core was then suspended in 145 mL of water. The rest of the sample was then set out to dry
in the sun. Once fully dried (after 2 to 3 days), the dry weight of the sample was recorded, and
the percentage of water weight lost was calculated.

From each of these samples, approximately 10 microliters (a drop from a pipette) was put
on a slide and a wet mount was prepared. (Preparing a wet mount - Centers for Disease Control
and Prevention). In order to represent the whole sample, 3 slides were made per core. The slides
were then examined at 100x. In each slide, 3 fields of view were randomly selected by moving
the slide haphazardly on the stage by hand. For each of the three fields of view, an iphone was
used to take a picture through the microscope eyepiece. This gave 27 pictures in total for each of
the 9 sub-sites, or 81 pictures per each of the three main areas.

The pictures were each then analyzed for the number of bacteria, number of fungi, and
number of protozoa. Due to their often inconsistent shapes, fungi and protozoa were counted by
hand (Figure 6, appendix). Because of the higher quantity, bacterial numbers were counted using
Imagel, a software that can automatically recognize dots of a certain programmed size (Al-Osta
etal. 2021).

Once the numbers were collected for each picture, the average number of bacteria, fungi,
and protozoa were calculated. The total sum of each group was additionally calculated, and
percentages of each group per site were calculated. To calculate biomass, an estimation was
taken of volume of sample in field of view. For each core, the average amount of bacteria, fungi,
and protozoa in each field of view was calculated. For this study, an estimated 5.78 x 10'° g of
wet sediment sample was visible in each field of view (calculations included in appendix a).



Using this number, it was possible to calculate the amount of bacteria, fungi, and protozoa
present per gram of mangrove sediment for each core and each area respectively. The biomass
was calculated individually per sample using both the percent weight lost and the wet weight,
and the average was then taken for these biomasses respectively. Single factor ANOVA, multiple
factor ANOVA, and a linear regression were run to assess statistical significance of the data.

VI.  Ethics

Before beginning any data collection, the research proposal for this study was reviewed
and approved by the Institutional Review Board (IRB). This study did not involve human
participants and did not include any interviews, therefore not invoking those areas of ethical
concern in the IRB process. In the case of this project, the ethical concerns dealt with
environmental interactions and resource use. Every effort was made to limit harm or disturbance
to the ecosystem when collecting samples. This included avoiding damage to any plants or roots
by treading carefully in the mangrove forests, leaving no trace of trash or pollution behind, and
not using any chemicals on my body or on my materials that could end up in the environment. I
additionally only took small samples of sediment in an effort to leave the ecosystem mainly
untouched. Beyond these ethical sampling efforts, my stay in Bocas del Toro put stress on a
community already struggling for resources. In order to minimize my impact, I practiced
environmentally conscious living standards of using as little fresh water as possible through
taking brief showers, bringing only biodegradable soaps, not using air conditioners, and
minimizing electricity use.

VII. Results

Percent Composition
The low anthropogenic impact site sediment contained 99.87% bacteria, the medium site

contained 99.89% bacteria, and the high site contained 99.91% bacteria. This correlated to a
trendline of R*=1. The low anthropogenic impact site contained 0.00098% fungi, the medium
site contained 0.00081% fungi, and the high site contained 0.00072% fungi. This correlated to a
trendline of R*=0.969. The low anthropogenic impact site contained 0.00028% protozoa, the
medium site contained 0.00024% protozoa, and the high site contained 0.00016% protozoa. This
correlated to a trendline of R*=0.964 (Figure 1).

Impact

Site Percent Bacteria Percent Fungi Percent Protozoa
Low Anthropogenic | 99.87% 0.00098% 0.00028%
Impact

Medium 99.89% 0.00081% 0.00024%
Anthropogenic
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High Anthropogenic | 99.91% 0.00072% 0.00016%
Impact

Table 1. Percent microorganism composition of three sites of differing anthropogenic impact.

Microorganism Composition Across 3 Sites

@ Bacteria Trendline for BacteriaR* =1 @ Fungi Trendline for Fungi R* = 0.969
Protozoa Trendline for Protozoa R* = 0.964

- 100.00%
g 100.00%
@
8 10.000/0 99570 . 99_8{)0 A ()(L{)I_O ° 99_750/0
1]
g 1.00%
=] 0
: 0.10% 99.50%
Q
= 0.01% . .
g o 0.0000098% 0.0000081% 0.0000072% 99.25%
B 0.00% 0028"%
°
g 0.00% 99.00%
5 Low Anthropogenic Medium Anthropogenic High Anthropogenic
~ Impact Impact Impact

Site

Figure 1. Microorganism composition by percentage at sites of low, medium, and high
anthropogenic impact. Bacteria associated with right vertical axis, fungi and protozoa associated
with left vertical axis.

Diversity and Evenness

Diversity and evenness in terms of the three groups of bacteria, fungi, and protozoa were
found using Shannon Diversity index and Shannon evenness calculation The site of low
anthropogenic impact was found to have the highest diversity and evenness, with the site of
medium anthropogenic impact having the next highest of both of these values, and the site of
high anthropogenic impact having the lowest diversity and evenness. The typical range for
Shannon diversity is 1.5-3.5. Shannon evenness ranges from 0 to 1 where 1 equals 100%
evenness of groups.

Site Shannon Diversity Index Shannon Evenness
Low Anthropogenic Impact 0.01033016344 0.009402919979
Medium Anthropogenic 0.008399065776 0.007645159136
Impact

High Anthropogenic Impact | 0.007501358716 0.006828030956
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Table 2. Shannon diversity and Shannon evenness indices for sites of low, medium, and high

anthropogenic impact.

Statistical significance

For bacterial numbers, a single factor ANOVA test was performed, and there was found
to be a statistically significant difference between the three sites of differing impact (p = 0.002).
A multiple factor ANOVA was then performed, and it was found that there was a significant
difference between sites low impact and high impact, medium impact and high impact, but no
significance between sites low impact and medium impact (Table 3).

Sites Low-Medium

Sites Medium-High

Sites Low-High

Variance 909.34 1064.3 1041.8
t-value 0.745 2.496 3.201
P-val (alpha’ = 0.457 0.0136 0.00165
0.0167)

Significant no yes yes

Table 3. Multifactor ANOVA test to show presence or absence of statistical significance.

ANOVA tests were also performed for protozoa and fungi numbers between the three
sites. Neither protozoa nor fungi had P values less than 0.05, meaning no significant difference
between the three sites.

In addition to ANOVA tests, linear regressions were also run, by assigning 1, 2, and 3 as
values to the pollution categorical (low, mid, high) variables. By linear regression, bacteria
counts had a t-stat of 3.328, and a p-value of 0.001 (compared to a significance level of 0.05) and
therefore had a statistically significant difference between sites. This reinforces the ANOVA and
significance comparison between sites findings. Protozoa had a t-stat of -1.333, and a p-value of
0.184, and therefore was not statistically different between sites. Fungi had a t-stat of -0.3999,
and a p-value of 0.690, and therefore was not statistically different between sites. Although
Protozoa and Fungi did not have statistically significant differences between sites, one can notice
that their values did result in a negative slope in the linear regression (and a corresponding
negative t-stat).

Abundance & Biomass

Both sediment wet weight and dry weight biomass results are included in these results for
reasons of error mentioned in the discussion. Between the three sites of low, medium, and high
anthropogenic impact, a total of 493979 bacteria, 410 fungi, and 109 protozoa were observed.

For the site of low anthropogenic impact, a total of 147534 bacteria, 145 fungi, and 41
protozoa were observed. This was an average of 1821.41 bacteria, 1.79 fungi, and 0.51 protozoa
per field of view under the microscope (Figure 2). In terms of biomass, this was an average of
3.15 x 10" bacteria, 3.10 x 10° fungi, and 8.76 x 10® protozoa found per gram of wet sediment,
and an average of 6.20 x 10" bacteria, 6.10 x 10° fungi, and 1.72 x 10° protozoa found per gram
of dry sediment (Table 4, Table 5).
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For the site of medium anthropogenic impact, a total of 156209 bacteria, 127 fungi, and
38 protozoa were observed. This was an average of 1928.51 bacteria, 1.57 fungi, and 0.47
protozoa per field of view under the microscope (Figure 2). In terms of biomass, an average of
3.34 x 10" bacteria, 2.71 x 10° fungi, and 8.12 x 10® protozoa were found per gram of wet
sediment, and an average of 7.41 x 10" bacteria, 6.03 x 10° fungi, and 1.80 x 10° protozoa were
found per gram of dry sediment (Table 4, Table 5).

For the site of high anthropogenic impact, a total of 190236 bacteria, 138 fungi, and 30
protozoa were observed. This was an average of 2348.60 bacteria, 1.70 fungi, and 0.37 protozoa
per field of view under the microscope (Figure 2). In terms of biomass, this was an average of
4.06 x 10'* bacteria, 2.96 x 10° fungi, and 6.41 x 10® protozoa found per gram of wet sediment,
and an average of 5.90 x 10'? bacteria, 4.28 x 10’ fungi, and 9.31 x 10® protozoa found per gram
of dry sediment (Table 4, Table 5).

Average Number of Bacteria, Protozoa, and Fungi Seen in One Field of View in
Three Sites
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Figure 2. Average bacteria, protozoa, and fungi seen in one field of view under microscope at
100x in sites of low, medium, and high anthropogenic impact.
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Wet weight

Site Average Bacteria Average Fungi Average Protozoa
Observed per Gram Observed per Gram Observed per Gram
of Moist Sediment of Sediment of Sediment

Low Anthropogenic | 3.15x 10" 3.10x 10° 8.76 x 10°

Impact

Medium 3.34x 10" 2.71x 10° 8.12x 10*

Anthropogenic

Impact

High Anthropogenic | 4.06 x 10" 2.96 x 10° 6.41x 10

Impact

Table 4. Average biomass of bacteria, fungi, and protozoa per gram of wet sediment across sites
of low, medium, and high anthropogenic impact.

Average Wet Weight Biomass of Bacteria, Fungi, and Protozoa Across Three Sites
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Figure 3. Average biomass of bacteria, fungi, and protozoa per gram of wet sediment across sites
of low, medium, and high anthropogenic impact.
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Dry weight

Site Average Bacteria Average Fungi Average Protozoa
Observed per Gram | Observed per Gram Observed per Gram
of Sediment of Sediment of Sediment

Low Anthropogenic | 6.20 x 10" 6.10x 10° 1.72 x 10°

Impact

Medium 7.41x 10" 6.03 x 10° 1.80x 10°

Anthropogenic

Impact

High Anthropogenic | 5.90 x 10" 428 x 10° 9.31x 10°

Impact

Table 5. Average biomass of bacteria, fungi, and protozoa per gram of dry sediment across sites
of low, medium, and high anthropogenic impact.

Average Dry Weight Biomass of Bacteria, Fungi, and Protozoa Across Three Sites
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Figure 5. Average biomass of bacteria, fungi, and protozoa per gram of dry sediment across sites
of low, medium, and high anthropogenic impact.
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VIII. Discussion

Percent composition

The percent composition results are perhaps the most relevant to answering the question
of the research objective. There is a small positive trend between bacteria percentage and
pollution level. For each respective increase in anthropogenic influence level, the bacterial
percentage went up by 0.02 percent points (Table 1, Figure 1). The trends for fungi and protozoa
were less direct, but both demonstrated a negative correlation as anthropogenic impact levels
increased (Figure 2). In essence, at higher pollution levels, bacteria were more dominant, even if
by a small percentage, while fungi and protozoa percentages decreased. In terms of statistical
significance, these results are difficult to make truly conclusive statements about, as the change
between sites is so small. While the trend lines have statistically significant R? values, the scale
of the change is extremely minute. Without further and more in depth studies spanning more
sites, it is impossible to conclude if this relationship of percent composition with changing
anthropogenic impact levels is at all truly significant.

The findings of this study of a shift in microbial composition between sites of varying
pollution levels, while not necessarily statistically viable, do support past literature with these
same conclusions (Chambers et al. 2016, Tso & Taghon 1997). There was a very minute
directional change in microorganism percent makeup between the sites. Since this study was not
performed in a controlled environment, this change could be attributed to many factors, but could
possibly relate to the anthropogenic influence levels. As suggested in previous studies, this
change of microbial makeup could be due to differences in the chemical and physical makeup of
the sediment of interest (dos Santos et al. 2011, Hoshino et al. 2020), either naturally in place or
created by human presence and contamination of the area. A previous study suggested changes
in sediment microbial composition when waste water was introduced into the environment,
which was a possible occurrence in the area of high anthropogenic impact (Saarenheimo et al.
2017).

Further studies would preferably be performed in a controlled environment in an effort to
isolate and identify precisely which chemical and physical anthropogenic factors impact the
microbial composition in mangrove sediment. This data could then be used in a similar manner
as abundance data for assessing or monitoring sediment pollution levels over time. With a
relationship of increasing bacterial dominance as anthropogenic impact increases, sediment
human contamination changes over time or between sites could be calculated using this
identified relationship.

While the numbers from this study do demonstrate a correlation in line with previously
published literature, it is difficult to derive clear conclusions from this data about sediment
microorganism composition. Despite the numerous samples collected throughout the three areas,
many more than three areas would be needed to draw true conclusions about a consistent
relationship between microorganism composition and pollution levels. The analysis would need
to represent a clearer change in microorganism makeup between sites to provide any conclusive
data. When reviewing this percent composition data, it is additionally important to keep in mind
that only bacterial numbers had a statistical significance between sights, likely due to higher total
bacterial counts. The percent composition data, while interesting for the research objective, can
only be applied in a limited scope, and must be considered in terms of significance or lack
thereof.
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Diversity & Evenness
The diversity and evenness results align with percent composition data. As the bacterial

dominance was higher as anthropogenic impact increased, it follows that the diversity and
evenness in these sites would be lower. While many studies have not been performed on broader
group diversity, past research has used bacterial diversity levels as indicators of marine sediment
health (Ford et al.). In past studies, bacterial diversity was observed to be higher in sites of higher
pollution (Sorci et al. 1999). It is not equivalent to apply this past research directly to the data
from this project, but the lower diversity seen in sites of higher anthropogenic impact goes
against the typical school of thought for assessing sediment health using diversity.

Diversity and evenness data would be of greater use when using more specific categories
such as species. While this study did suggest the existence of differing diversity and evenness
levels between the sites, it would be more specific and informative to perform diversity studies
for each group (bacteria, protozoa, and fungi). With studies finding higher bacterial species
richness in sites without pollution compared to those of high anthropogenic influence, future
studies could compare the species richness of all three groups of bacteria, protozoa, and fungi
(Ghizelini et al. 2019).

Abundance & Biomass

Based on the ANOVA test and the linear regression, the abundance results suggest only a
significant difference in bacteria counts between sites. This may be understood simply through
the amount of bacteria counted in comparison with the total other amounts of organisms seen.
The much higher total count of bacteria provides a more statistically significant data set
compared to protozoa and fungi. This result was somewhat expected, as bacteria are typically
found in very high numbers in sediment, ranging from 2—1000 times more abundant in the
sediment than surrounding water (Luo et al. 2019). Because of this numerical imbalance of
bacteria in comparison to other organisms, it is hard to make any inferences about the meaning of
the data between groups of organisms. While the objective for measuring abundance and
biomass was to see if there was a relative change between the three groups of organisms between
the 3 sites of pollution, a study of a much larger scale would be needed to make any conclusions
about marine sediment fungi and protozoan abundance and biomass.

There were both average and total higher numbers of bacteria at higher levels of
pollution. These findings go against some past literature, where bacterial and protozoa counts
have both been found to be higher in non-polluted areas (Tso & Taghon 1997). The converse
finding in this study could be explained by a variety of factors that were not controlled in this
research, such as changes in sediment moisture between sites because of rain on various sample
days, or unnoticed host forest composition. However, while not statistically significant, the
protozoa abundance data supports this literature, as both total and average protozoa counts were
higher in sites of lower anthropogenic impact. The fungi counts had no direct correlation with
perceived pollution levels. Past studies have been in line with this finding, where no relationship
between fungi abundance and other microbial abundance or sediment composition between
individual sites was noted (Levine & Ghiorse 1990).

Further research into microorganism abundance in sites of differing anthropogenic
impact is needed. With more concrete and numerous data, the correlation between bacterial
abundance in mangrove sediment and anthropogenic impact could be used to assess the levels of
human pollution in a specific site of interest. The bacterial counts could give evidence to changes
in sediment pollution levels over time.
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While biomass data is typically represented using dry weight of sediment, both were
included in these results due to errors in finding dry weight. Because of the temporal, spatial, and
funding limitations of this research, there was no method to uniformly dry the sediment cores.
The sediments were set out to dry in aluminum trays for 2-3 days, but the weather differed
greatly during the various drying times. When examining the calculations for dry biomass, each
site lost varying amounts of water weight, despite the fact that the sediment samples were
visually very similar. This is most likely an error due to the atmosphere the samples were dried
in. For example, the samples from the area of medium impact lost an average of 55% of their
weight when dried, but the samples from the high impact area lost an average of 31% of their
weight when dried. This could be explained by the weather the high impact samples were dried
in, which was very damp and rainy. The sample could not achieve a higher percent dried, despite
water remaining, because of the humidity and lack of sun. This error ultimately would provide an
inaccurate and inconsistent reflection of the true amount of dry sediment seen in each field of
view in the microscope.

For these reasons, although lacking the accuracy that dry biomass would provide, the wet
biomass data is likely more representative of the true biomass between the sites. While the wet
weight biomass may not be exact, it is more consistent, and therefore more useful for comparing
and understanding the results. The wet biomass numbers are also likely an underestimation of the
true biomass of the microorganisms in the sediment, as this biomass would be including water in
the sediment.

When using these parameters to consider the biomass results, some interesting data
emerges. There was a trend of increasing bacterial biomass from going from low pollution to
high pollution. There was also a trend of decreasing protozoa biomass going from low pollution
to high pollution. This aligns with the composition percent results, and supports previous
literature suggesting changes in both abundance and composition of microorganism communities
between sites of differing anthropogenic impact (Tso & Taghon 1997).

IX.  Conclusion

This study supports past literature in demonstrating differing microbial compositions
between varying levels of anthropogenic impact. All of these conclusions apply only to these
specific sites of study, as this experiment was not performed in a controlled environment, and
was a very limited sample size. While not statistically significant, percent composition results
provided the conclusion that bacteria increased in dominance over fungi and protozoa as
perceived anthropogenic influences increased. This data was most relevant to answering the
research question of a difference in microorganism makeup between sites. It was revealed that
for these three sites, there was a small, but consistent change in microorganism composition.
When considering abundance of bacteria, fungi, and protozoa, only bacterial counts were
revealed to have a statistically significant (in terms of this study) difference between sites. It can
be concluded that a higher abundance of bacteria was present at higher levels of anthropogenic
impact. Biomass results also can be used to conclude that for these sites, bacteria and protozoa
biomasses changed at a somewhat significant rate, while fungi biomass did not. The diversity
and evenness also changed between the three sites, but also by very small factors. In all, there
were seen to be multiple differences in sediment microorganism composition between the three
sites of perceived low, medium, and high anthropogenic impact.

All of these conclusions, although relevant to these particular sites, do not hold statistical
significance, as the study was not performed in a controlled environment. While the research
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question was answered in terms of this site, these conclusions cannot be applied on a broader
scale without further, controlled, and repeated studies. In future studies, anthropogenic factors
could be isolated in a controlled setting to determine the effect on microbial communities. These
studies could use this data to quantify and monitor human influence in various marine sediments
of interest.
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Figure 6. Example of a protozoa (nematode) observed at 100x. Fungi and bacteria can also be
observed.

Volume of Sample in Field of View Calculations
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To calculate the “thickness” of the sample in the field of view:

Volume of drop: 0.05 mL
Size of coverslip: 22 mm x 22 mm
=> From observation, and for the purpose of this research, assuming drop fills bounds of
coverslip
V=wLh
05=22*22* h
h=.0001 mm
“Thickness” = approx 1 micrometer
=> Makes sense: one layer of bacteria, bacteria approx 1 micrometer in size

To calcul lume in field of vi

At 100x magnification, the field of view has a diameter of .2 mm
V=4/3 pi * L*w*h

V=4/3pi * .2 *.2*.0001

V=1.675x 10° mm’

V=1.675x 10®*mL

To calculate amount of sediment in this

Samples were diluted 5 g sample — 145 ml water
5/145=x/1.675 x 10

x=15.78 * 10" g of sediment per field of view
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